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ABSTRACT 
 
In respect to compensate the unremittingly increasing global demand for food, feed, biofuels, 
and chemicals production, microalgae has been widely regarded as one of the most promising 
raw materials. However, the small particulate size of microalgae cells and the extremely 
dilute concentrations of microalgae cultures continue to be the major challenges to effective 
microalgae harvesting, thus hindering the production and commercialization of microalgae 
based products. In an attempt to find a cost-effective and environmentally friendly harvesting 
technique, the bioflocculant poly γ-glutamic acid (γ-PGA) produced by Bacillus licheniformis 
CGMCC 2876 was used to concentrate freshwater microalgae. Zeta potential measurement, 
and classical DLVO theory (named after Derjaguin, Landau, Verwey and Overbeek) analysis 
were used to explore the flocculability of microalgae induced by bacterial γ-PGA broth 
bioflocculant. The process was evaluated for its scalability and in-situ treatment feasibility. 
Furthermore, biochemical composition of microalgal biomass was analyzed to evaluate the 
applicability of bioflocculation for microalgae based biofuel production. Experimental results 
showed that the flocculation efficiency was dependent on the initial culture pH. With the 
optimum operating parameters of bioflocculant dosage of 2.5 mL/L, flash mixing rate of 150 
rpm for 1 min, and slow mixing rate of 80 rpm for 2 min, a flocculation efficiency of 99% 
was achieved at initial culture pH 3 at small scale. The microalgae interaction energy was 
found to be dependent on the zeta potential.  The classical DLVO theory indicated that when 
the bioflocculant was introduced, the total interaction energy decreased sharply, resulting in 
higher flocculation efficiency. The model provided a detailed interpretation of conceivable 
mechanism of microalgae bioflocculation by γ-PGA broth. The pilot-scale study revealed that 
this innovative harvesting method is scalable and feasible for in-situ flocculation. The 
flocculation efficiency >98% was achieved at both pilot-scale and in-situ treatment. 
Moreover, biochemical composition analysis revealed that there was no significant difference 
in total lipids recovered from biomass harvested either by centrifugation or bioflocculation, 
suggesting that this bioflocculation technology is a worthy microalgae harvesting method for 
algal based biofuel production. The bioflocculation process is easy to operate, cost-efficient, 
environmentally friendly and as effective as chemical flocculation processes applied 
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industrially. The γ-PGA bioflocculant produced by B. licheniformis CGMCC 2876 
demonstrated high performance for optimal microalgae recovery and can be applied in 
commercial-scale microalgae harvesting. In addition, bioflocculation process cost could 
greatly be reduced by in-situ operation as no investment cost is needed for a separate 
flocculation tank and mixing device. Furthermore, for effective application of dewatering 
technology for the production of low value products such as biofuels, a two-stage microalgae 
dewatering system was developed. The performance and economic assessment of different 
two-stage dewatering systems revealed that bioflocculation coupled with tangential flow 
filtration (TFF) was a promising dewatering system with total energy input of 0.041 kWh, 
0.05 kg CO2 emissions and a cost of $ 0.0043 for producing 1 kg of microalgae biomass. 
 
Keywords: Microalgae, Harvesting, Dewatering, Bioflocculation, Bacterial bioflocculant, 
Pilot-scale.  
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摘    要 
 
随着世界对食品、饲料、生物燃料和化工产品需求的日益增长，微藻成为了被广泛接
受的最具有前景的原材料之一。然而，微藻细胞个体微小，培养密度低，藻体难以高效收
集，影响了微藻产品的生产和商业化。本研究从经济和环保的角度出发，建立了一种使用
生物絮凝剂絮凝收集藻体的方法。方法使用地衣芽孢杆菌 CGMCC 2876 生产的聚谷氨酸
作为生物絮凝剂，絮凝并收集淡水藻体，同时使用 zeta 电位测定和 DLVO 经典理论对絮
凝过程进行了分析研究，并对絮凝操作的可放大性和原位操作的可行性进行了实验评估。
此外，本研究对所收集微藻的生化组成进行了测定，分析了其作为生物燃料的可行性。实
验结果表明，微藻的絮凝收率取决于藻液的初始 pH 值。通过条件优化得出，当初始
pH=3.0，絮凝剂添加量为 2.5 mL/L，在 150 rpm 下搅拌 1 min，随后 80 rpm 搅拌 2 min 的
条件下，藻体收率可达 99%。微藻间的相互作用能和 zeta 电位相关，使用 DLVO 理论模
型分析的结果表明，当加入生物絮凝剂后，藻液总相互作用能迅速下降，从而提升了絮凝
率，很好的说明了聚谷氨酸絮凝微藻的机制。本研究所用方法在中式规模和原位操作的情
况下均能获得 98%以上的藻体收率，说明这种微藻回收方法具备可放大性和原位操作性
能。另外，生化组分分析结果表明，通过絮凝所得的藻体与离心所得藻体中总油脂的含量
没有明显差别，这说明生物絮凝剂收集微藻的技术适用于微藻生物燃料的生产，且易于操
作，经济高效，对环境友好，与化学絮凝剂效果相当。地衣芽孢杆菌 CGMCC 2876 生产
的生物絮凝剂聚谷氨酸拥有优良的藻体絮凝特性，易于规模化生产，且原位絮凝操作无需
单独的絮凝池和混合装置，能够大大节省藻体收集成本，具有良好的商业应用价值。另外，
为了有效地生产低附加值产品，如生物燃料，本研究建立了一种生物絮凝和错流过滤耦合
的两段式微藻脱水系统，与其他两段式脱水系统相比，此方法每生产 1 kg 微藻生物质，
仅耗费 0.041 kWh 能量和 0.0043 美元，同时可吸收 0.05 kg CO2。 
关键词：微藻；回收；脱水；生物絮凝；细菌生物絮凝剂；中试实验。 
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